The purpose of this study is to clarify the correlation between microstructural factors and mechanical properties of ultrafine steels processed by thermomechanical controlled treatments. Three steels deformed at high strain rates in a pilot plant rolling mill showed very fine ferritic microstructure, whose grains became more equiaxed and finer with increasing fraction of alloying elements, and had good tensile and fracture properties, although they contained only about 0.01 pct carbon. Especially in the Ni-added steel, tensile properties were greatly improved because of the high dislocation density and the fineness of the ferritic substructure, readily satisfying the requirements for commercial-grade high-strength, high-toughness steels. The formation of ultrafine equiaxed grains in the steels might be explained by a possible strain-induced dynamic transformation mechanism associated with the austenite ~ ferrite transformation caused by heavy deformation in the austenite range.
I. INTRODUCTION
RECENTLY developed thermomechanical controlled processed (TMCP) steels provide several advantages over conventionally rolled high-strength low-alloy (HSLA) steels. These steels have very fine ferrite/bainite microstructures whose proportions depend on the composition and processing conditions and, thus, exhibit excellent strength and fracture toughness, t~-4j Niobium is very often added to improve strength and low-temperature toughness of TMCP steels by inhibiting austenite recrystallization and grain growth during the controlled rolling. The minimum ferrite grain size of commercial TMCP steels ranges from 3 to 5 ~m, 13' 41 but it has been reported that this ferrite grain size can be reduced to 1 to 2/xm using well-controlled rolling processes. Js 81 Thus, optimization of the controlled rolling processes, together with the addition of microalloying elements, is required to produce ultrafine steels having significantly improved mechanical properties. Smith et al. 191 have designed C-Mn-Mo-Nb acicular ferrite steels in which the acicular ferrite matrix offers the potential for improving both grain refinement and precipitation hardening. Acicular ferrite is inherently fine grained because of its relatively low transformation temperature and contains a substructure of high dislocation density.i ~0.~ ~.~21 The significant strengthening available from grain refinement and the generation of a highly dislocated substructure, i.e., transformation strengthening, make the acicular ferritic steels able to attain high yield strength even at low carbon levels. In more recent years, Yada co-workers 15,6,71 have suggested a new controlled rolling process, composed of deformation-induced dynamic transformation and dynamic recrystallization of ferrite, to achieve ultra-fine-grained microstructures. They have obtained ultrafine 0.1C-I.0Mn steels whose grain sizes are less than 3 /zm, using a hot-deformation simulation experiment and the subsequent practical rolling/71
The present article reports on a study of the processing of ultrafine C-Mn-Ni-Nb steels containing ferritic microstructures and clarifies the role of the microstructural factors that govern mechanical properties of the steels. Specifically, the effects of chemical composition and processing variables on mechanical properties were explored and correlated with corresponding microstructural parameters such as grain size and then discussed with respect to possible phase-transformation mechanisms for grain refinement.
II. EXPERIMENTAL
The chemical compositions of the three steels used in the present study (Table I) are based on the 0.01C-I.0Mn-0.2Si composition, with the addition of Nb or Ni, which are known to delay the transformation of austenite to the high-temperature transformation products. 113,141 These steels were vacuum-induction-melted as 120 • 120 • 250 mm ingots (240 kg) and are called steels A, B, and C, respectively. The ingots were heated at 1250 ~ for 5 hours and rolled to 25-mm-thick plates. After homogenization treatment at 1150 ~ for 1 hour, plates of 25-mm thickness were rolled to 5.5-mm-thick plates using a pilot plant rolling mill, according to the three-pass rolling schedule indicated in Figure 1 , and subsequently waterspray-cooled to 450 ~ at a cooling rate of 40 ~ It should be noted that about 45 pct reduction in the thirdpass rolling, slightly above the measured ferrite transformation start temperature (Ar3) of each steel (Ar 3 + 30 ~ to 40 ~ was applied. After spray cooling, the plates were placed in a furnace at 450 ~ for 1 hour and then furnace-cooled. This treatment is approximately equivalent to the cooling procedure in commercial rolling processes.
In order to investigate the ferrite-austenite transformation behavior, a dilatometry experiment was carried out. The flat specimens (10 x 1 • 5 mm) with longitudinal orientation were heated to 1200 ~ and held for 3 minutes, and then the Ar3 temperatures of the steels were determined at a cooling rate of I ~ which is approximately equivalent to the cooling rate when the plate thickness is 25 mm. The measured Ar3 temperatures are also indicated in Table I . As mentioned above, the finish rolling temperature was determined from the measured Ar3 temperature, i.e., Ar3 + 30 ~ to 40 ~ considering the deformation and the coiling rate effect.
Specimen blanks for tensile and impact specimens were cut from the 5.5-ram-thick rolled plates in the longitudinal direction. Tensile specimens were flat with gage sections 4.5-mm thick by 25-ram long. Tensile tests were conducted at room temperature with a cross-head speed of 5 mm/min. To evaluate Charpy impact energies, subsize (10 x 55 x 4.5 mm) Charpy V-notch specimens with L-T orientation were tested over a temperature range from -120 ~ to room temperature. The impact energies obtained from the subsize Charpy specimens were converted to those for standard-size Charpy specimens in accordance ~ith standard methods) ~5"~61 Transmission electron microscopy (TEM) was also employed to investigate microstructural features such as grain size and shape, precipitates, and carbides. Thin foils were prepared from the fractured Charpy specimens. Final electropolishing was performed using an automatic twinjet electropolisher with a solution of 10 pct perchloric acid + 90 pct acetic acid. Thin foils were examined using PHILIPS* CM30 TEM operated at 300 kV.
*PHILIPS is a trademark of Philips Electronic Instruments Corp., Mahwah, NJ.
III. RESULTS

A. Microstructure
Optical micrographs of the three steels are presented in Figures 2(a) through (c). The microstructures of the steels are ferritic structure of quite irregular grain shapes. Since there is no indication of the locations of the prior austenite grain boundaries,19'~~ microstructure details are very difficult to establish using optical microscopy. The TEM microstructures of the steels shown in Figures 3(a) through (c) are different from the optical micrographs. Certain characteristic features are observed: (1) elongated grain structure extending along the rolling direction, even though the rolling direction on a thin foil could not be identified; and (2) fine equiaxed grain structure with high dislocation density. A mixture of these two features seems to be the general rule, although there is considerable variation among specimens and steels. The differences may be associated with somewhat greater deformation, either locally or throughout the specimen. The volume fractions of the elongated and equiaxed grains were measured with an image analyzer and are listed in Table II .
In the microstructure of the A steel, the elongated grain structure is dominant, but the grain structure becomes less elongated and more equiaxed with increasing alloying elements. Microdiffraction analysis has confirmed that the boundaries of the fine ferrite grains have the nature of subgrain boundaries, i.e., low-angle boundaries. Figures 5(a) and (b) show an example of this, in the fine equiaxed grain structure of the C steel. Here, equiaxed grains share a common (012) ferrite zone axis. The individual pairs of grains were analyzed by the same method; in almost 95 pct of the random grain pairs examined, misorientations between the adjacent grains are less than 5 deg. Such large percentages are consistent with the subgrain nature of most grain pairs.
B. Mechanical Properties
Room-temperature tensile properties are shown in Table Ili . As Nb and Ni are added to the basic 0.01C-1.0Mn-0.2Si steel composition, ultimate tensile and yield strengths are significantly increased, whereas ductility is decreased. Tensile and yield strengths of the B steel, which contains more Nb, are increased by 30 MPa over the A steel, but the overall tensile properties are unlikely to be improved if elongation is also considered. The primary effect of Nb in these ferritic steels is to combine with carbon (and some nitrogen) to form the Nb(C,N) phases, as shown in Figure 4 . Thus, a 0.1 pct Nb content is thought to provide an optimum strengthening. In the C-steel, which contains 1 pct Ni, the improvement of tensile properties is evident: the strengths are much greater than those of the A and the B steels, while ductility remains over 20 pct. This results primarily from the high dislocation density and the fineness of the ferritic substructure, as seen in Figure 3 (c). Figure 6 shows Charpy impact test results over the test temperature range from -1 2 0 ~ to room temperature for the three ultrafine steels. The impact energy values increase steadily with increasing test temperature. The A steel is tougher than the B and the C steels at room temperature, in a trend similar to the tensile elongation (Table III) . However, the impact energies of the A and the B steels drop sharply with decreasing test temperature, eventually showing toughnesses lower than the C steel. For the temperatures below -6 0 ~ the C steel is tougher than the two other steels, since the impact energy values remain almost constant to -120 ~ Thus, C steel shows excellent toughness values, in general, without a severe toughness drop even at low temperature. microdiffraction patterns 1 to 8 in Figure 5 (b) were taken from grains 1 to 8 ( Figure 5(a) ), respectively. The measured misorientations between grains were very small, generally less than 5 deg, since each group of the grains has essentially the same (012) ferrite axis. Many
IV. DISCUSSION
It should be noted that as the microstructure becomes more equiaxed and finer and, at the same time, the amount of elongated ferrite is reduced, the strength-toughness balance of the steel is greatly improved. A careful review of the microstructural and mechanical property data, combined with the data from transformation studies, suggests a potential explanation for the observed phenomena.
While Spanos et al. 2~7' 18~ strongly support the generalized microstructural definition of bainite, the microstructures of ultra-low-carbon HSLA steels do not readily fit classical definitions of bainite, which forms in mediumc a r b o n steels. 119,2~ These bainitelike microstructures are characterized by ferrite grains that need not have a lath or plate morphology without carbides. "~ The lowangle character of the boundaries, as shown in Figures 5(a) and (b) , makes them insensitive to etching, and thus, few ferrite boundaries could be detected in an optical microscope. This structure is often called to acicular ferrite and tends to be formed during continuous cooling in ultra-low-carbon steels containing Mn, Mo, o r B. 19"22'231 Bhadeshia and Christian i~gl have also recognized acicular ferrite as different from bainite, and Smith et al. 191 have defined acicular ferrite as a highly substructured, nonequiaxed ferrite that forms on continuous cooling by a mixed diffusion and shear transformation mode beginning at a temperature slightly above the upper bainite temperature transformation range. However, there is uncertainty regarding the formation mechanisms, and most of the previous definitions are based on the phasetransformation behavior on continuous cooling, without considering the effect of deformation. If deformation is included in the microstructural development of ultrafine steels, the resultant microstructures become more complicated, and thus, other mechanisms should be considered. The detailed TEM observations show that the microstructure of the A steel (Figure 3(a) ) is somewhat consistent with the definition of acicular ferrite given by Smith b et al.,19J since the grain shape is mostly elongated. In the B and the C steels, the morphology of ferrite grains becomes more equiaxed. Though these equiaxed ferrite grains are similar to polygonal ferrite, they have a much smaller grain size and a higher dislocation density and are generally separated by low-angle boundaries in contrast to the high-angle boundaries that separate polygonal ferrite grains. Recently, Yada et al. t71 have suggested a strain-induced dynamic transformation to explain a very fine ferrite-grained structure in plain 0.1C-1.0Mn steels heavily deformed and quenched from the temperatures above Ar3. Their argument is specifically concerned with the possible effects of heavy deformation in the austenite region on the acceleration of the austenite ----> ferrite (7 ~ a) transformation.
To clarify the effect of deformation on the phasetransformation behavior, dilatometric measurements were made for the B steel during isothermal holding after deformation. The cylindrical specimens (4.5-mm diameter x 10-mm length) were abruptly heated to 1200 ~ and cooled to specific temperatures ranging from 670 ~ to 910 ~ At these temperatures, the specimens were given to a 45 pct reduction at a strain rate of approximately 0.6/s and then held for 10 minutes. Typical dilatation-time patterns are shown in Figure 7 . The observed dilatation, i.e., expansion and shrinkage, is probably associated with the 7---> t~ transformation and the reverse a ---> 7 transformation. The amount of ferrite transformed from austenite right after the deformation is decreased during isothermal holding well above Ar3 since this ferrite is unstable and thus disappears quickly as the restoration of deformed austenite proceeds. Slightly above Ar3, on the other hand, the amount of the transformed ferrite seems to remain constant, suggesting that the amount of ferrite formed due to the 7 ~ a transformation is comparable to the amount that disappears due to the reverse a ~ 7 transformation. These results indicate that if deformation is sufficiently large, austenite can be transformed to ferrite even above Ar 3. This strain-induced dynamic transformation mechanism can be reasonably adopted to explain the formation of the ultrafine equiaxed grains, where the large deformation is generally applied in the austenite range. Figures 8(a) through (d) give a schematic diagram of the microstructural development in the ultra-fine-grained steels. When austenite grains (Figure 8(a) ) are deformed, the severe plastic flow initially induces elongation of grains in the rolling direction (Figure 8(b) ). In this stage, dislocations also condense into certain regions as the dislocation density is increased, forming deformation band structures (Figure 8(c) ). As plastic deformation in the austenite temperature range continues, a strain-induced dynamic transformation could occur effectively, as described earlier. Above the Ar3 transformation temperature, tiny ferrite grains can form mainly at boundarie~ of the elongated austenite grains or at the deformation bands, by the strain-induced dynamic 7 transformation (Figure 8(c) ), but they are subsequently transformed to austenite by the a ~ 7 reversal transformation. If these y --> a and t~ ---> y transformations occur repeatedly under extremely heavy deformation, austenite or ferrite grains can be refined continuously as the rolling temperature approaches Ar3. Finally, fine, highly dislocated ferrite can be developed even in the austenite range (Figure 8(d) ); grains formed in this stage may have a more equiaxed shape instead of an elongated one. The TEM micrograph in Figure 3 (c) shows a highly dislocated, fine grain structure that could be formed in the strain-induced dynamic transformation mechanism.
It is, however, not yet clear that this strain-induced dynamic transformation is the only mechanism for the microstructural development of the ultra-fine-grained structure. It is also possible, for example, that fine equiaxed grains could form by dynamic recrystallization. Though characteristic features of dynamic recrystallization are very low dislocation density and welldefined grain boundaries, the continued heavy shear deformation can easily alter the recrystallized microstructure to a highly dislocated one. However, dynamic recrystallization is a less likely mechanism since most of fine grains have low-angle grain boundaries, as indicated by the microdiffraction analyses in Figures 5(a) and (b) . Thus, the strain-induced dynamic transformation is the more probable mechanism for the formation of the fine, highly dislocated ferrite grain structure.
The microstructure of the C steel (Figure 3(c) ) contains large fractional amounts of highly dislocated, ultrafine, and equiaxed ferrite, and thus, this steel has very good combinations of strength and toughness. The powerful effect of Ni on delaying the transformation of austenite to the high-temperature transformation products, polygonal ferrite and pearlite, is well known. Ij41 Among the Ni-modified C-Mn-Nb steel compositions, the element Ni plays the primary role in providing the resultant ferritic microstructure. When the present ultrafine steels are compared with commercial HSLA steels, they show excellent tensile and fracture properties compared to the API grade line-pipe HSLA steels, whose specifications are indicated in Table IV . 1241 In particular, the C steel readily satisfies the API-X80 grade steel specification that has been developed, although elongation is slightly lower. Without additional heat treatments after hot rolling, the C steel also satisfies the yield strength requirement (690 MPa) for tempered martensitic HY-100 grade or HSLA-100 grade steels used in the construction (Table V) , 125' 26] This C steel is also thought to have excellent weldability since its carbon equivalent is much smaller than those of API-, HY-, or HSLA-grade steels. In this respect, therefore, the present ultrafine steels should prove particularly useful in applications where high strength and toughness are required even at low temperatures.
In the present study, the microstructures of the ultrafine steels are characterized by highly dislocated, fine, equiaxed (or elongated) ferrite grains, and the mechanisms are suggested for the corresponding microstructural development, such as strain-induced dynamic transformation. Since the grain size and the amount of ferrite during the present experiments are associated with the amount of deformation of the rolled plates, a reduction of approximately 50 pct slightly above the Ar 3 temperature is generally necessary during the final-pass rolling to obtain ultrafine ferrite grains. Although such a large deformation in single-pass rolling is almost impossible in the commercial rolling process, the cumulative deformation obtained from the multipass rolling can also be effective. In addition, due to the complexity of the microstructures of the ultrafine steels, further detailed investigations on the phase-transformation processes are needed through experimental and analytical studies. For example, a test that simulates the hot-rolling procedures would be helpful in clarifying the correlation of microstructures with the phase transformation behavior within the heavily deformed steel structures, r6.71 This sort of simulation study can simplify microstructural observations and their analyses and thus can provide a clear evidence for microstructural development in ultrafine steels.
V. CONCLUSIONS
Investigation of the correlation between microstructural factors and mechanical properties of three ultrafine steels yields the following conclusions: I. TEM microstructural features of the steels that consist of ferritic structure in optical microscopy are (I) an elongated grain structure extended along the rolling direction and (2) a fine equiaxed grain structure with high dislocation density. The grain structure becomes more equiaxed and finer as the amount of alloying elements increases. 2. As alloying elements are added to the basic 0.01C-1.0Mn-0.2Si composition, tensile and yield strengths are increased, whereas ductility is decreased. Particularly in the Ni-added steel, tensile properties are 
